In this paper, we investigate a class of new multiple-input multiple-output (MIMO) transmission schemes, dubbed space time line code (STLC), in the context of different mobility situations. We extend its original structure into space and frequency domains and propose a novel frequency line code (SFLC) for combining with orthogonal frequency division multiplexing (OFDM) in order to achieve potential diversity gains in time-varying multipath fading channels. Specifically, at the transmitter, the STLC/SFLC-OFDM scheme exploits the channel state information (CSI) to linearly encode successive modulated symbols in the time/frequency domain to achieve full diversity gain. At the receiver, it can retrieve the transmit symbols without full CSI, thanks to its special structure. We analyse the impact of time-variant channels to STLC and SFLC to show the expected performance degradation in practical channel, especially in the case of different mobile speeds. Our analysis and simulations show that the BER performance degrades with increasing correlation coefficient, which makes STLC-OFDM more robust in channels with abundant multipath spread, and SFLC-OFDM more robust in channels with high mobility speed. Meanwhile, a guideline is provided for switching when the communication environment changes. Finally, we carry out the practical implementation of STLC-OFDM and SFLC-OFDM schemes and characterize their performance with both computer simulations and an experimental testbed.
I. INTRODUCTION
Multiple-input multiple-output (MIMO) [1] , [2] is an important and widely used technique for 4G and 5G wireless communications, which theoretically multiplies the link capacity by using multiple antennas at the transmitter and receiver, to exploit spatial diversity and spatial multiplexing. However, in the frequency selective channel, MIMO suffers from the inter-symbol interference (ISI) effects, resulting in extreme performance degradation. Meanwhile, orthogonal frequency division multiplexing (OFDM) [3] is a bandwidth efficient multicarrier transmission technique for combating ISI. Therefore, OFDM can be extended to the MIMO architecture [4] to enhance performance and provide capacity gain in wireless channels, offering a basic framework of 4G and 5G mobile radio systems [5] , [6] .
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Nowadays, in the evolution to beyond-5G wireless systems [7] , [8] , researchers pay attention to the reliability and spectral efficiency of system design [9] - [11] . Considering the application of MIMO, link reliability could be enhanced by space time block code (STBC) techniques [12] , [13] . STBC is an effective spatial diversity scheme which requires the channel state information (CSI) to be known at the receiver. When combined with OFDM, it can be also applied to broadband channels, by converting the frequency selective fading channel into a series of narrow parallel flat fading channels [14] - [16] .
Recently, a new spatial-time coding scheme, namely space-time line code (STLC) was developed in [17] - [19] to provide spatial diversity by using one transmit antenna and two receive antennas with very simple receiver processing even without CSI. In general, STLC is a novel rate-one full-spatial-diversity-achieving space-time coding (STC) scheme, that utilizes CSI at the transmitter and reduces the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ computation complexity of the receiver. Specifically, at the transmitter side, two information symbols in adjacent time slots are encoded using the spatial channel information and transmitted through a single transmit antenna. Different from traditional STBC, at the receiver side, the signal processing of STLC is line-shaped and extremely simplified. However, when operating in frequency selective fading channels, the multipath inter channel interference (ICI) will also induce the performance degradation of STLC, as in STBC [3] .
To address this issue, we consider a space-frequency line coded (SFLC) scheme, which is a more reliable technique, to attain bandwidth efficiency and ISI suppression in this scenario. As the STLC and SFLC methods benefit different communication environments, how to switch between STLC and SFLC will be analysed. The proposed schemes in this study are expected to be applicable to different mobility systems, such as smart rail systems [21] , [22] .
Against the above background, we combine OFDM and STLC to bridge their advantages and enable an efficient transmission in practical multi-path channels, in the context of different mobility situations. The major contributions of this paper are as follows:
1) We extend the concept of STLC to the frequency domain and propose SFLC, which is capable of efficiently combining the classic OFDM technique. We provide the detailed design guideline for SFLC-OFDM in time variant multipath fading channels.
2) The performance of the proposed schemes is analysed in terms of signal to interference plus noise ratio (SINR). Moreover, the performance of STLC-OFDM and SFLC-OFDM schemes is compared under different channel conditions. The application scenarios of the two schemes are also discussed. 3) We implement the proposed schemes on the universal software radio peripheral (USRP) units and validate the performance of the proposed schemes compared with its STBC counterpart. The average bit-error ratio (ABER) of the proposed schemes are compared by both experimental and simulation results.
The remainder of this paper is organized as follows. A brief description of STBC and STLC over quasi-static channels is presented in Section II. In Section III, the STLC/SFLC-OFDM scheme is proposed alongside the analysis of the impact of the time-variant channel. In Section IV, the practical implement in the experimental environment is introduced. The performance of the proposed schemes in the experimental and simulation environments is evaluated in Section V, followed by concluding remarks in Section VI.
Notation: · F denotes the Frobenious norm of a matrix. |·| represents the magnitude of a complex quantity or the cardinality of a given set. (·) T , (·) * and (·) H refer to the transpose, conjugate and Hermitian transpose of a vector/matrix, respectively. min(x) returns the value of the smallest element of x. 
II. A PRIMER OF STBC AND STLC
We first briefly review the two relevant full-diversityachieving schemes, i.e., STBC and STLC. In the STBC system, CSI is supposed to be known at the receiver but unknown at the transmitter. The N t adjacent transmit symbols form the orthogonal STBC matrix to be transmitted through N t transmit antennas at consecutive symbol intervals. While in the STLC system, the CSI is supposed to be known at the transmitter but unknown at the receiver. The transmit symbols are linearly encoded by the channel information. We consider a system with N t transmit antennas and N r receive antennas. For simplicity, in this section, the parameters are set to N t = 2, N r = 1 for STBC and N t = 1, N r = 2 for STLC. The other configurations with multiple antennas will be included in Section III-E.
A. STBC
The transceiver structure of STBC is illustrated in Fig. 1 . We choose Alamouti code [12] , which transmits one symbol per channel use (pcu). In Alamouti code, two consecutive modulated symbols (x 1 , x 2 ) T are transmitted through two transmit antennas in two symbol intervals by the codeword
where the columns and rows of X correspond to the transmit antennas and the symbol intervals, respectively. Assuming the channel remains unchanged during the two symbol intervals, the received signals can be represented as
where y k,l represents the signal of the receive antenna k at the l-th time slot, h k is the channel gain and n k,l denotes the additive white Gaussian noise (AWGN). Let λ = |h 1 | 2 + |h 2 | 2 , the estimated symbols can be derived as
where Q(·) is the demodulation function.
B. STLC
The transceiver structure of STLC [17] is illustrated in Fig. 2 . The two consecutive modulated symbols in two symbol intervals are denoted by (x 1 , x 2 ) T . The channel states in the two symbols are assumed to be unchanged. Then, the normalized 
The received signals can be represented as
The estimated symbols are obtained by combining the received signals aŝ
As shown in (6), the decoder only needs the sum of channel gains instead of the individual CSI. Hence, compared to STBC scheme, the STLC scheme has reduced decoding complexity.
III. SPACE-TIME/FREQUECY LINE CODED OFDM
In this section, space-time line coded OFDM is first investigated, which linearly pre-codes successive modulated symbols in the time domain by using the CSI at the transmitter. A normalised factor η is required to ensure the transmit power constant. For the QAM modulation with the modulation order lager than 2, η needs to be estimated at the receiver. The impact of time-variant channels for STLC-OFDM is analysed next, which illustrates the performance degradation of STLC-OFDM with the increase of the mobile speed.
To address this issue, combining the frequency characteristics of OFDM, we then propose SFLC-OFDM for different application scenarios.
A. SPACE-TIME LINE CODED OFDM A general communication system using STLC-OFDM with N t = 1 and N r = 2 is considered as shown in Fig. 3 . At the transmitter, data bits are mapped onto a modulation alphabet such as QPSK and 16QAM. Then the modulated signals are passed to the space-time line encoder, which requires the same subcarrier indexes x t 1 and x t+1 1 at the adjacent time slots to obtain two STLC symbols s t 1 and s t+1 1 , which are multiplexed to the corresponding time slots at the same transmitter, instant t and t + 1, as where channel gains h 1,1 and h 2,1 represent the independent channel gains from the transmit antenna to the receive antennas of subcarrier 1, respectively. We assume that the channel gains of subcarrier 1 at the t-th time slot and (t + 1)th time slot are constant. η st is the normalization factor to limit the transmit power constraint, which is calculated as
x , where E(·) denotes the mathematical expectation. The normalized transmit symbol of the k-th, k = 1, 2, · · · , N , subcarrier can be expressed by
These normalized symbols are passed to the N -point OFDM modulator in order to obtain the time domain signals as
After cyclic prefix (CP) insertion, the transmit signals
N are passed to the radio frequency (RF) front-ends, in order to modulate the information onto the carrier frequency.
Passing through time-invariant channel, the received RF signals are down-converted and digitized in the RF front-ends and then CP removal process and FFT transformation are performed so that the four received symbols in the frequency domain can be expressed as 
where r t k,l and n t k,l denote the received signal and the AWGN with zero mean and variance σ 2 n on the l-th subcarrier at the k-th receiver at the t-th time slot, respectively.
By employing the combining method in [17] , the modulated symbols at the first subcarrier can be estimated aŝ
Note that in (11), x t 1 and x t+1 1 are separated into two formulas and detection can be performed respectively. Moreover, only η is needed during the subsequent detection. Compared to maximum-ratio combining (MRC), maximum-ratio transmission (MRT) and STBC, the receiver just needs the channel modulus information (CMI), which could be even saved for PSK symbol modulation. Meanwhile STLC decreases the complexity at the receiver with only two complex additions for decoding, compared to STBC with six operations (four multiplications and two additions) of the complex values.
B. IMPACT OF TIME-VARIANT CHANNEL
STLC-OFDM extends STLC from narrowband flat fading channels to broadband time-variant and frequency-selective ones. We can model the time selectivity of the wireless channel by a first order autoregressive (AR) process. Then the fading samples are given by
where h m,n represents the channel gain at the n-th time slot at the mth receiver, ρ = E h m,n h m,n+1 * denotes the correlation coefficient between h m,n and h m,n+1 , and v is the channel error element which is the independent and identically distributed complex Gaussian random variable with zero mean and variance σ 2 v . Assuming that h m,n is a mean zero and normalized complex Gaussian variable, the relationship between the variance of v and the coefficient ρ can be presented as
In general, for typical time selective mobile channel, ρ is determined by the maximum Doppler spread f d and the OFDM symbol duration T s as
where J 0 (.) is the zeroth-order Bessel function [23] . Since STLC involves the joint space-time domain, we only focus on the time-selective degradation effects for STLC-OFDM. Assume the two channel paths are identically distributed and spatially independent. Symmetric correlation conditions are with the same value of ρ i.e. ρ = E h 1,n h 1,n+1 * = E h 2,n h 2,n+1 * . The STLC encoding procedure in the frequency domain can be written as (7) , by using the first time slot of CSI. Then through normalization and IFFT, the symbols are transmitted to the receiver through the time-variant channel.
The received signals after CP removal are passed through an N -point FFT operation to obtain the symbols for current time slot and next time slot at the two receivers, which can be expressed as follows.
Let η be the normalization factor. At the current time slot, we have
At the next time slot, we have
Then the STLC symbols are combined for decoding, expressed aŝ
According to (17) and (18), the channel variation will introduce the interference between the data symbols. The instantaneous effective SINR γ 1 forx 1 is expressed as
Based on (12), (13) and
SINR can be rewritten as
The average SINR can be calculated as
According to the model, if ρ = 1 i.e. it is a time-invariant channel, thenx 1 andx 2 will be obtained by (10) without any interference. However, when ρ decreases, interference will be introduced during the processing of symbols combining.
As can be seen from Fig. 4 (a) , the derived γ ave degrades rapidly by decreasing ρ, under various SNRs. Those results demonstrate that STLC-OFDM will suffer significant performance degradation when CSI has low time correlation, such as in high mobile speed scenarios. Next Fig. 4 (b) evaluates the BER of STLC-OFDM in different channel correlation configurations to validate our derivation. Fig. 4 (b) is simulated in five different channel states for time-invariant as well as time-variant channels with ρ = 0.8, 0.85, 0.9 and 0.95 respectively. In this simulation, the length of the effective OFDM symbol N is 1024, the length of CP is N /4, and the modulation scheme is 16-QAM. As can be seen from Fig. 4 (b) , the performance of STLC-OFDM in time-invariant channel is the best, while that in time-variant channel as ρ = 0.8 is the worst due to the interference introduced between the symbols.
The above results show that the performance of STLC-OFDM changes rapidly in time-variant channels, where the performance of STLC-OFDM degrades significantly with the increase of the mobile speed. This is because that high doppler frequency shift and spread result in short coherence time, leading to inconstant channel gains in the successive STLC symbols, and hence to the loss of orthogonality. Therefore, fast channel variation in the time domain causes performance degradation of STLC-OFDM, so it fails to adapt the high mobility environment. To alleviate this time-domain problem by exploiting the frequency-domain resource, next we propose a new scheme as space-frequency line coded OFDM.
C. SPACE-FREQUENCY LINE CODED OFDM
In the proposed SFLC-OFDM scheme, modulated symbols are linearly pre-coded in the frequency domain by using CSI at the transmitter. The general structure of SFLC-OFDM with N t = 1 and N r = 2 is illustrated in Fig. 5 . For simplicity, we consider two adjacent subcarriers to form SFLCs. For an OFDM symbol with N subcarriers, the first two SFLC symbols at the t-th time slot s t 1 and s t 2 are obtained by precoding the modulated symbols x t 1 and x t 2 as
where h 1,1 and h 2,1 represent the independent channel gains from the transmit antenna to receive antenna 1 and to receive antenna 2 on subcarrier 1, respectively. Here, h 1,1 , h 2,1 and h 1,2 , h 2,2 are assumed to remain static, and are known at the transmitter.
The normalization factor is calculated as
x . Generally, the normalized SFLC symbols of subcarrier 2(k − 1) + 1 and subcarrier 2k, where k = 1, 2, · · · , N /2, can be formulated as (23) , as shown at the bottom of the next page.
After CP insertion, the OFDM symbol at the t-th time slot
The received RF signals are down-converted and digitized in the RF front-ends and then CP removal and FFT are employed. Therefore, the four received symbols in the frequency domain can be expressed as
where r t k,l and n t k,l denote the received symbol and the AWGN with mean zero and variance σ 2 n on the l-th subcarrier at the k-th receiver and the t-th time slot, respectively. VOLUME 7, 2019 Directly combining the received symbols, we get
Then the first two modulated symbols can be estimated aŝ
Generally, when operating in time-variant fading channels, the application of STLC-OFDM exhibits a significant performance degradation due to the fact that the equivalent channel matrix is no longer orthogonal. As for the SFLC-OFDM system, the modulated symbols of two adjacent subcarriers are line coded in the frequency domain. In this case, the consistency of the channel gains in the frequency domain could be better than that in the time domain. As can be concluded from our simulation results later in Fig. 13 , SFLC-OFDM is capable of achieving performance gains over STLC-OFDM in various mobile speed scenarios.
D. EXTENSION TO MULTIPLE TRANSMIT ANTENNAS
In the above sections, the investigated STLC/SFLC-OFDM schemes are illustrated in a specific system setup, as one transmit antenna and two receive antennas. Here we generalize the proposed schemes to the case of N t > 1.
STLC-OFDM:
For the STLC-OFDM scheme, the STLC symols s t n (k) and s t n (k) of the k-th transmit antenna at the n-th subcarrier can be expressed as
where x t n (k) denotes the modulated symbols of the k-th antenna at the n-th subcarrier. The normalization factor η st is then obtained as
which satisfies the constraint of E η st s t
x . Then the received signals can be expressed as (29), as shown at the bottom of the next page.
Then the combination for multiple transmit antennas can be derived as
SFLC-OFDM:
For the SFLC-OFDM scheme, the SFLC symols s t n (k) and s t n (k) of the k-th transmit antenna at the n-th subcarrier can be expressed as
where x t n (k) denotes the modulated symbols of the k-th antenna at the n-th subcarrier. The normalization factor η sf is then obtained as
which meets E η sf s t
Then the received signals can be expressed as (33), as shown at the bottom of the next page.
E. EXTENSION TO MULTIPLE RECEIVE ANTENNAS
The STLC/SFLC-OFDM systems can also be extended to the case of N r multiple receive antennas. Specifically, [17] investigated a series of STLC encoding schemes. Here we introduce a rate-3 4 scheme for one transmit antenna and three receive antennas as an example. The original STLC code in [17] for quasi static channels is expressed as
For the STLC-OFDM system, letting x 1 , x 2 , x 3 be the modulated symbols intended to be transmitted at the n-th subcarrier, the four STLC symbols on the n-th subcarrier during four adjacent time slots are then obtained as 
whereh l,n represents the average channel gain from the transmit antenna to the l-th receive antennas at the n-th subcarrier during the four adjacent time slots. Then normalization factor is η st = 3 4 × E h l,n 2 + h l,n 2 such that E η st s t 2 = σ 2 x . At the receiver, after CP removal and FFT, the received symbol in the frequency domain can be expressed as
where r t l,n and n t l,n denote the received signal and AWGN on the n-th subcarrier of the l-th receiver at the t-th time slot, respectively.
Then the combining processing to decode STLC is expressed aŝ
For the SFLC-OFDM system, the four SFLC symbols at the t-th time slots intended to be mapped to four successive subcarriers are obtained as
where m = 1, 2, · · · , N /4, andh l,m represents the average channel gain from the transmit antenna to the l-th receive antennas. The corresponding decoding processing is expressed aŝ The SFLC-OFDM scheme can also be extended to four receive antennas by employing the above rate-3 4 STLC code. In this case, we generalize the proposed STLC/SFLC-OFDM scheme to suit various transmission scenarios with different antenna configuration.
IV. PRACTICAL IMPLEMENTATION
In this section, we introduce the practical implementation of the proposed STLC/SFLC-OFDM schemes under the USRP communication environment. The BER of STLC/SFLC-OFDM is obtained in a practical testbed environment to experimentally validate the simulation results. In particular, the designs of the testbed hardware and the software are described in details.
The specific system test processing of the hardware and software parts are shown in Fig. 7 . Specifically, the hardware part includes the National Instruments (NI) PXI mainframe case, PXI remote control module, PXI Express module and USRP RIO software radio equipment. Meanwhile, the software part includes the data generation, correlation processing and transmission at the transmitter, as well as data receiving, = h 1,n (1) · · · h 1,n (N t ) h 2,n (1) · · · h 2,n (N t ) corresponding processing and recovery at the receiver, which are designed and processed by the graphical programming language LabVIEW. Through the programming design by LabVIEW, the data bitstream generated by the software part is modulated and sent to PXI, and then transmitted to the USRP RIO box. Then the USRP RIO box sends the data symbols through the transmit antenna according to the parameters set in the software section. Then the data symbols are received through the spatial channel, and are transmitted to PXI through the USRP RIO box. Finally, the transmitted data bitstream is recovered through the demodulation processing of the software part.
A. THE HARDWARE PART FOR EXPERIMENTAL TESTING
The PXIe-1082 mainframe case, as shown in Fig. 8 , is equipped with a high broadband backplane, eight slots and able to achieve up to 8GB/s system bandwidth, which can meet the requirements of high performance test and measurement. It is equipped with PXI Express module and connected with USRP RIO software radio device through PXI remote control module. Two USRP RIO software radio devices are implemented as transmitter and receiver respectively. The transmitter and receiver both have two vertical omnidirectional antennas of VERT 2450 type, which are the dual band antenna of 2.4 to 2.48 GHz and 4.9 to 5.9 GHz with a gain of 3 dBi. The hardware configuration of the transmitter and receiver is described as follows:
1) PXIe-1082 mainframe; 2) PXI remote control module; 3) PXI Express module: NI-PXIe-8374; 4) USRP RIO software radio device: NI-USRP-2942. At the transmitter and receiver, the data generated by the PXIe-1082 mainframe are transmitted through the PXI Express module NI-PXIe-8374. And the PXI remote control module connects the PXI Express module NI-PXIe-8374 and the USRP RIO software radio devices to realize the hardware connection for data transmission. The NI-USRP-2942 device is employed for the implement of MIMO transmission. Its carrier frequency ranges from 400 MHz to 4.4 GHz. Specifically, the RF bandwidth is 40 MHz, the TX output power is up to 20 dBm and RX output power is up to -15 dBm. It includes a programmable (Xilinx Kintex-7) FPGA and two 40 MHz bandwidth RF transceivers. Figure 8 shows the equipment layout of USRP RIO. Table 1 and Table 2 are the specific hardware parameters of NI-USRP-2942.
B. THE SOFTWARE PART FOR EXPERIMENTAL TESTING
LabVIEW was used at both the transmitter and receiver to facilitate the mainframe data generation and reception, which are realized by activating the corresponding USRP RIO device. The LabVIEW-Tx generates the original binary data and then processes the transmission data to be transmitted by the PXIe-Tx. The LabVIEW-Rx processes the received data from the PXIe-Rx and recovers the original binary data. The specific implementation process is shown in Fig. 9 . The details of each step are as follows.
1) PROCESSES FROM ORIGINAL BITS TO TRANSMISSION DATA
Binary data are first generated and processed at the transmitter as following, and then sent from the transmit antenna to the receive antenna via space environment.
a: FRAME STRUCTURE DESIGN
The generated binary data are processed into symbol data frames, where each frame consists of 20 symbols.
b: CSI ESTIMATION AND FEEDBACK
For the space time/frequency line coding, the CSI is needed at the transmitter. In the testbed, CSI is estimated at the receiver. The channel information is estimated by the least square (LS) algorithm and linear interpolation. LS estimation algorithm is expressed as
Then the obtained CSI is fed back to the transmitter before the modulation process. Note that the STBC process does not include this step, in which CSI is needed at the receiver.
c: MODULATION PROCESS
The data in each frame is modulated into STLC, SFLC and STBC. The bit data stream is mapped by the constellation diagram to generate OFDM symbols. Each OFDM symbol has the specific length, which is set to 1024 in our implementation.
• STLC: In the STLC modulation process, each adjacent two OFDM symbols are divided into a group. Each subcarrier of the first OFDM symbol and each subcarrier at the same position of the second OFDM symbol are denoted as the two transmission data x 1 and x 2 , respectively. Next the CSI of x 1 and x 2 are extracted from step b, which are denoted as h 1 and h 2 . x 1 and x 2 are then modulated as (7) .
• SFLC: In the SFLC modulation process, each OFDM symbol is coded separately. The transmission data in two adjacent subcarriers of one OFDM symbol are divided into one group, which are denoted as x 1 and x 2 . After extracting the CSI of x 1 and x 2 , x 1 and x 2 are then modulated as (22) .
• STBC: In the STBC modulation process, two OFDM symbols at the same position of TX1 and TX2 are divided into a group. The transmission data x 1 and x 2 , which are at the same subcarrier position in one group, are directly modulated as (1) . The modulated symbols are then simultaneously transmitted from the two transmit antennas.
The specific processes have been detailed in Section II and Section III.
d: PILOT PLACEMENT
We adopted four symbol positions for transmitting the pilot sequences, where each antenna has two pilots separately.
The pilots of Antenna 0 are placed at position 8 and 16. And the pilots of Antenna 1 are placed at position 12 and 20. Zadoff-Chu (ZC) pilot sequence is considered in this experiment, where the signal sequencesr (α) u,v (n) are generated by the cyclic shift of the base sequencer u,v (n). Its generating formula is given as
where M RS sc is the length of the reference signal sequence. Multiple reference signal sequences can be generated by different cyclic shifts.
In the STLC and SFLC processes, the pilots are used to estimate the normalization factor as well as the CSI in step b.
e: UPSAMPLING AND FILTERING
In order to reduce ICI, ISI and prevent sharp jump of the modulated signals, pulse shaping filter is used. In the LabVIEW modulation toolkit, the square root raised cosine roll-down filter is chosen, where each frame is over-sampled by 16 times.
f: SIGNAL POWER VARIATION
The variation of signal power results in different SNRs, which is done by setting the output signal power parameters and changing the value of the output signal amplitude. In the testbed, the amplitude of the transmission data is changed by multiplying with the tuning signal power factor. Thus, the BER can be obtained by the varied SNRs.
g: SYNCHRONIZATION SEQUENCE INSERTION AT THE TRANSMITTER
Four symbol data are inserted on each frame at the transmitter. The frame synchronization data are inserted at the first two symbol positions, and the 0 and 1 crossed data are located at the last two symbol data positions, which are used to estimate the SNR at receiver. Frame synchronization data are inserted in two consecutive training symbols of the ZC sequence, for carrier frequency offset (CFO) estimation at the receiver in addition to the data synchronization.
After the above processes, the transmission data are broadcasted by the PXIe.
2) PROCESSES FROM RECEIVED DATA TO BITS
At the receiver, the data are first received by the PXIe and then processed by the LabVIEW programming software to recover the original binary data. To accomplish this, the following steps are required.
a: DOWNSAMPLING AND FILTERING
The received data first pass through the data grabbing module, then the extracted data are processed by the square root raised cosine roll-down filter, where each frame of the data is down-sampled by 16 times.
b: RECEIVER SYNCHRONIZATION
After the square-root raised cosine roll-down filter processing and down-sampling, the received data needs to be synchronized at the receiver. The synchronization is based on sliding correlation. Specifically, for each receive antenna, two synchronous training sequence data placed in front of each frame of data at the sender are used for slide correlation in order to find the location of the maximum peak for finding out the starting position of the received data.
c: THE SNR CALCULATION
In each frame, the third and fourth symbols are alternately placed with 0 and 1 data, which are used to calculate the SNR at the receiver as
where σ 2 n represents the power of AWGN. Specifically, The signal power at the receiver can be expressed as
Meanwhile, then power of AWGN can be expressed as
where y represents the received signal, and n denotes AWGN.
d: EXTRACTION OF VALID DATA FRAMES
After synchronization, the data at the receiver can get the exact synchronization point to remove redundancy. Then the data are cached in a queue and transmitted directly to the demodulator.
e: CFO ESTIMATION AND RECOVERY
If the CFO is ε, the relationship between two received signals can be expressed as
where y i [n] represents the n-th value in the time domain and Y i [k] represents the k-th value in the frequency domain of the i-the received signal, respectively. According to [24] , the CFO can be estimated as
Then the data can be recovered by the estimated CFO as
whereỹ i and y i denote the i-th recovered and unrecovered data, respectively.
f: THE NORMALIZATION FACTOR ESTIMATION
The normalization factor is estimated by the LS algorithm as (41) and linear interpolation. Note that the CSI is estimated for the STBC process. 
g: DATA DEMODULATION
After synchronization, extraction of valid data, CFO recovery and channel estimation, maximum likelihood detection is employed for STBC-OFDM, and linear combination detection for STLC/SFLC-OFDM to detect the received symbol data at the receiver. Finally, the BERs of STLC/SFLC-OFDM and STBC-OFDM can be obtained by the recovered data bits.
In the following, we summarize the steps in the practical implementation.
1) Generate binary data are processed into symbol data frames. 2) Obtain the CSI at the transmitter, which is realized by sending pilots to the receiver, estimating the CSI and feeding it back to the transmitter. 3) The LabVIEW programming software modulates the binary data into STLC (SFLC) symbols with the obtained CSI. This process includes pilot placement, upsampling and filtering, signal power variation and inserting synchronization sequence. 4) The transmission data are broadcasted by the PXIe-Tx. 5) The data are first received by the PXIe-Rx. Then the received binary files are send to the LabVIEW programming software. 6) The LabVIEW programming software recovers the original binary data. This process includes downsampling and filtering, receiver synchronization, the SNR calculation, extracting valid data frames, CFO estimation and recovery, the normalization factor estimation and the data demodulation.
C. ENVIRONMENT OF SIGNAL TRANSMISSION
The actual environment of signal transmission is shown in Fig. 10 . The transmit and the receive antenna used in the experiment are the same, and in the process of placement, both the transmitter and the receiver are directly opposite to each other, and there is no obstruction in the middle. Therefore, this is a channel model of line of sight (LOS).
In the transmission process, the carrier frequency is 2.5G. 
V. SIMULATION AND EXPERIMENTAL RESULTS
For the simulations, the channel model adopted is configured in both time-invariant and time-variant situations. Assume that the transmission channel characteristics of STLC-OFDM, SFLC-OFDM and STBC-OFDM systems can be estimated accurately respectively. Based on the above configurations, the BER performance of STBC-OFDM, STLC-OFDM and SFLC-OFDM schemes are evaluated. Fig. 11 compares the STLC-OFDM, SFLC-OFDM, STBC-OFDM and conventional OFDM systems with the same transmission rate. The STLC-OFDM, SFLC-OFDM and conventional OFDM systems are equipped with 1 transmit antennas and 2 receive antennas, while STBC-OFDM employs 2 transmit antennas and 1 receive antennas. 4-QAM modulation are employed for all the systems. Here we adopt the TDL-B channel model specified by the 5G standard protocol. As shown in Fig. 11 , STLC-OFDM exhibits the same BER performance with STBC-OFDM, since they achieve full space-time diversity. However, BER of SFLC-OFDM is slightly worse because of the multipath effects. In Fig. 12 , we evaluate the BER performance for multiple transmit and receive antennas. The rate- 3 4 STLC code is adopted for three and four receive antennas. The simulation results in Fig. 12 show that the BER performance is significantly improved with the increase of the transmit and receive antennas, thanks to the spatial diversity gain achieved.
In Fig. 13 , we compare the BER performance of STLC-OFDM and SFLC-OFDM systems in the context of different mobility situations. Let v be the mobile speed. As can be seen from Fig. 13 , doppler effect does not nearly affect the performance of SFLC-OFDM by exploring the space-frequency diversity. However, the performance of STLC-OFDM degrades significantly with the increase of mobile speed. This is because that high doppler frequency spread results in short coherence time, leading to unstable channel coefficient to the successive STLC symbols. In this case, SFLC is more preferable in the context of high mobility environments.
Furthermore, the multipath impact on the performance of STLC-OFDM and SFLC-OFDM is evaluated in Fig. 14. Generally, considering the practical transmission environment, the root mean square delay spread approximates 10-25 ns in the urban area while approaching 200-310 ns in the suburban area. The results in Fig. 14 show that the performance of STLC-OFDM is slightly better than that of SFLC-OFDM with 30 ns delay spread. But for the case where the delay spread reaches higher than 300 ns, the performance of SFLC-OFDM becomes much worse than that of STLC-OFDM, which reveals that STLC-OFDM is more suitable for the environment with abundant multipath spread. Fig. 15 shows the BER performance comparison of STLC-OFDM and SFLC-OFDM under different communication environments. The performance was simulated in different mobility speed for the TDL-A, TDL-B and TDL-C channel mode with 30 ns, 300 ns, 1000 ns delay spread, respectively. As can be seen from Fig. 15 , the performance of STLC-OFDM degrades gradually with increasing mobility speed, while that of SFLC-OFDM almost remains unchanged. However, taking the TDL-C channel mode as an example, STLC-OFDM still outperforms SFLC-OFDM when the mobility speed is below 165 km/h. Table 3 concludes the switching speed of the two schemes, from which we can choose the better coding scheme under different communication environments.
The experimental results for the STLC-OFDM, SFLC-OFDM and STBC-OFDM are shown in Fig 16. The system parameters are detailed in Sec. IV. In this experimental environment, the channel is actually the LOS channel. As can be seen from Fig. 16 , the STLC-OFDM and STBC-OFDM schemes have almost the same BER performance while outperforming the SFLC-OFDM scheme, similar to the simulation results. In Fig. 17 , we compare the performance of STLC-OFDM and SFLC-OFDM systems under different multipath conditions. This is realized by adding blocks between the transmitter and receiver to increase the non-direct paths of signal transmission. Fig. 17 shows that the performance of STLC-OFDM scheme remains almost the same under different multipath effects. However, the performance of SFLC-OFDM changes rapidly as the follows. The greater the impact of multipath effect, the worse the performance becomes. The above experimental results also validate our simulation results.
VI. CONCLUSION
In this paper, we proposed a pair of transmission structures based on the line code concept, namely, STLC-OFDM and SFLC-OFDM, and studied their performance for different time-frequency selectivity channel settings in wireless channels. In addition, we compared the BER performance of STLC-OFDM, SFLC-OFDM and their STBC-OFDM counterparts. As different coding methods have different advantages and disadvantages, the selection of encoding mode is determined by the availability of CSI and the information processing capability of the transmitter and the receiver. The effect of time-frequency-domain channel correlation on STLC-OFDM and SFLC-OFDM was analyzed. As higher channel/subcarrier correlation coefficient degrades the BER performance, STLC-OFDM is found to be more robust in for channel with small time variation, while SFLC-OFDM is more robust in channels with high mobility speed and high Doppler spread. In general, a careful switch between STLC and SFLC aided OFDM systems could be employed in the context of different mobility situations. 
